Abstract The 10 July 1923 earthquake near Berdún (Spain) is the largest instrumentally recorded event in the Pyrenees. We recover old analog seismograms and use 20 hand-digitized waveforms for regional moment tensor inversion. We estimate moment magnitude M w 5.4, centroid depth of 8 km, and a pure normal faulting source with strike parallel to the mountain chain (N292°E), dip of 66°and rake of À88°. The new mechanism fits into the general predominance of normal faulting in the Pyrenees and extension inferred from Global Positioning System data. The unique location of the 1923 earthquake, near the south Pyrenean thrust front, shows that the extensional regime is not confined to the axial zone where high topography and the crustal root are located. Together with seismicity near the northern mountain front, this indicates that gravitational potential energy in the western Pyrenees is not extracted locally but induces a wide distribution of postorogenic deformation.
Introduction
The Pyrenees formed as a collisional orogen between Europe and the formerly independent Iberian microplate, with main convergence during Eocene and Oligocene times (~55 to 25 Ma; e.g., Grool et al., 2018; Rosenbaum et al., 2002; Vergés et al., 2002) . Since the early Miocene, Iberia shows no more relevant motion with respect to the rest of Europe, coincident with the slowing down of African-Eurasian convergence and the development of trench retreat and rollback in the Western Mediterranean area (Faccenna et al., 2014) . Today, the level of seismicity in the Pyrenees is rather low, although major seismogenic structures have been identified in the chain (Alasset & Meghraoui, 2005; Ortuño et al., 2008) , and moderate-size earthquakes with moment magnitude of~5 occur occasionally (e.g., Batlló et al., 1997; Cara et al., 2008) . Minor earthquakes take place along the entire length of the chain (e.g., Instituto Geográfico Nacional seismic catalog, Madrid; see Figure 1 ). The most relevant activity, regarding number and size of earthquakes, occurs at the French side of the western Pyrenees, along 80-100 km long, WNW-ESE lineament following approximately the trend of the North Pyrenean Fault. The major share of Pyrenees earthquakes occurs at shallow, upper crustal depths (< 15 km), except for some deeper events (15 km to 40 km), mainly placed in the northwesternmost Pyrenees. Apart from natural seismicity, two distinct seismicity clusters have been related to subsidence at the Lacq gas field, in front of the northwestern Pyrenees (Segall et al., 1994) , and the filling of the Itoiz reservoir in the southwestern Pyrenees (Ruiz et al., 2006; Santoyo et al., 2010) .
Previous regional moment tensor, stress field, and Global Positioning System (GPS) studies (e.g., Chevrot et the way to the idea that the Pyrenees double-vergent thrust belt is now subject to postcollisional extension. Various existing structures were reactivated as normal faults in present-day stress conditions (Lacan & Ortuño, 2012; Ortuño et al., 2008) , and available earthquake moment tensor mechanisms show a clear predominance of normal faulting, with strike parallel to the chain (Braunmiller et al., 2002; Chevrot et al., 2011; Dziewonski et al., 1981; Martín et al., 2015; Stich et al., 2006 Stich et al., , 2010 Figure 1) . Postorogenic collapse of a mountain range is predicted when vertical gravitational forces from topography and crustal root are no longer compensated by active tectonic shortening (Molnar & Lyon-Caen, 1988) . Besides gravityinduced stresses, diverse processes may contribute to postorogenic deformation in the Pyrenees, including rebound and uplift from denudation and deglaciation (Genti et al., 2016; Vernant et al., 2013) , or deep-rooted thermal erosion in the easternmost part of the chain (Gunnell et al., 2008) . Here we analyze an old earthquake in the southern Pyrenees, with remarkable size and singular location, and the way the results can contribute to advance our understanding of processes governing the present-day deformation in the chain. Stich et al., 2003 Stich et al., , 2006 Stich et al., , 2010 Martín et al., 2015) , Pyrenean catalog (green, Chevrot et al., 2011) , ETH (Eidgenössische Technische Hochschule) catalog (purple, Braunmiller et al., 2002) , and global CMT (Centroid Moment Tensor) catalog (blue, Dziewonski et al., 1981) . Main tectonic structures NPFT, North Pyrenean Frontal Thrust; NPF, North Pyrenees fault; and SPFT, South Pyrenean Frontal Thrust (from Lacan & Ortuño, 2012) .
The 1923 Berdún Earthquake
On 10 July 1923, at 05:31 UTC, a major earthquake occurred in the foothills of the Aragonese Pyrenees (Spain), at a location quite remote from the main concentrations of recent seismicity in the chain (Figure 1 ). Two contemporary monographs (Inglada, 1929; Rey Pastor, 1931) provide detailed account of macroseismic effects and the wave arrival times at European seismograph stations, inferring an epicentral intensity Io = VIII and placing instrumental as well as macroseismic epicenter near the villages of Berdún and Martés (~42.55°N, 0.95°W). This situates the earthquake at~10 km north of the south Pyrenean thrust front ( Figure 1 ). Seismicity located at the mountain fronts is a typical expression of active orogens and remains intriguing in the case of the Pyrenees. Gutenberg and Richter (1949) assigned a first magnitude estimate ("d," equivalent to 5.6 ± 0.3), making this event a promising candidate for the largest-recorded Pyrenean earthquake. The contemporary epicenter location has been largely confirmed, within reasonable uncertainties, in subsequent catalogs (e.g., Levret et al., 1996; Mezcua et al., 2013; Munuera, 1963) . Considerably larger uncertainties concern the magnitude, with reported estimates from records at single observatories ranging from M w 4.8 (Badal et al., 2000) to M s 6.3 (Levret et al., 1996) , and other available macroseismic and instrumental magnitudes (Table 1 ) scattering between 5.3 and 5.9, in agreement with Gutenberg and Richter (1949) .
The 1923 Berdún earthquake was recorded at a sparse network of early analog seismographs over Europe, and we will use seismic waveforms to infer the fault geometry for this earthquake. Original seismograms preserved in the archives from the observatories of Almeria, Coimbra, Piacenza, Strassbourg, and Toledo, together with the collection of seismograms in the Eurosismos database (Ferrari & Pino, 2003) , provide recordings from 19 stations altogether. Based on dynamic range, frequency content, and general quality and stability of the recordings, we select a set of 20 seismograms from 9 observatories for further processing and regional waveform analysis ( Figure 2 ). Most of these records are from Wiechert mechanical seismographs, except for two Bosch-Omori horizontal components at Almeria (Spain) and three components from electromagnetic Galitzin instruments at De Bilt (Netherlands). The vast majority of selected seismograms are obtained with horizontal sensors, superior in number among contemporary observatories equipment, and usually operating with longer free period in case of the prevailing mechanical sensors. All recordings were carefully hand digitized and corrected for drum speed, skew, and curvature of the traces and stylus instabilities (Batlló et al., 1997; Batlló, Stich, & Macià, 2008 
Moment Tensor Inversion
The digitized waveforms have been used for linear least squares moment tensor inversion. Specific problems related to the use of old seismograms were addressed by introducing two convenient modifications compared to standard regional moment tensor schemes: First, we process original horizontal seismograms individually, without rotation into a cylindrical ray-coordinate system (Stich et al., 2005) . This avoids the propagation of recording instabilities, misalignments, or inaccurate instrument corrections into radial and transverse components. Second, we do not correct the instrument responses in the original recordings, but apply them to the Green's functions instead, to circumvent deconvolution for these old records (Batlló et al., 2010; Rivera et al., 2002) . Further, we infer the unknown assignment of component orientation (E-W, N-S) to the Bosch-Omori recordings from Almeria by trial and error. Recorded waveforms and moment tensor Green's functions are filtered in an intermediate-period band (20 s to 50 s) that provides a reasonable compromise between the limited bandwidth of old sensors and an acceptable sensitivity of wave propagation to lateral heterogeneity in the lithosphere. Green's functions are computed with a reflectivity code and an average 1-D model for the Iberian lithosphere (Stich et al., 2003) that provides a suitable approximation also for wave propagation across most of western and central Europe (Stich et al., 2005) . The nonlinear dependence of Green's functions on centroid depth is accommodated through a grid search for different trial depths between 2 km and 30 km, with step increment of 2 km.
We obtain a best fitting trial depth of 8 km (Figure 2 ), in agreement with the generally shallow origin of seismicity in the Pyrenees and the inner Iberian plate. Solutions for larger trial depths (centroid depth ≥ 12 km), showing a substantial rotation of the moment tensor (Figure 2 ), can be discarded on account of clear mismodeling for body waves. The depth range of largest variance reduction (6 km to 8 km) is located slightly deeper than the base of the Pyrenean edifice in the Berdún area (4 km to 5 km; Teixell, 1998) , suggesting that the earthquake may be located below the basal thrust, within the autochthonous crust of the Iberian plate. Corresponding waveform matches are comparable to other regional inversion examples for old earthquakes (e.g., Batlló, Stich, Palombo, et al., 2008; Batlló et al., 2010; Stich et al., 2005) and are overall satisfactory in light of the characteristics of early instrumental records, the period band, and the propagation distances involved. Some amplitude misfit can be attributed to limited resolution from low dynamic and frequency range of the sensors, and uncertainties of the instrument response, like unstable damping (Batlló, Stich, & Macià, 2008), or other discrepancies between actual recording parameters and estimated transfer functions. Large-amplitude pulses in the surface wave train (e.g., STR) may have been introduced by long-period disturbances, such as baseline instabilities. Waveform predictions are satisfactory at DBN and GTT, which represent particularly well-maintained instruments in direction of large Rayleigh wave radiation. We also adjust Love waves at MNH, PCN, and ZAG (NE and NW components), as well as amplitude and polarity of P waves at Iberian stations and DBN, while intermediate-period P waves are not resolved in recordings from other stations. Waveforms at ALM and COI are predicted reasonably, and we achieve a fair approximation to P waves in the NE component of TOL, as well as S waves in the NW component.
A double-couple contribution of 97% in the formally best moment tensor indicates that the Berdún earthquake can be modeled as simple shear faulting event. We infer pure normal faulting with the north dipping nodal planes oriented N292°E, 66°, À88°(strike, dip, and rake), and the south dipping nodal planes oriented N107°E, 24°, À94°. We lack further information to discriminate between fault and auxiliary plane, but we favor rupture on the steeper plane, showing a more typical dip value for crustal normal faulting earthquakes. The moment tensor T axes has strike of N20°E and plunge of 21°, indicating tension perpendicular to the Pyrenees. We obtain scalar seismic moment M 0 = 1.5 × 10 17 Nm, equivalent to moment magnitude M w 5.4.
In comparison with estimated moment magnitudes for other major Pyrenean earthquakes, this ranks the 1923 Berdún earthquake as the largest instrumental event so far: It was slightly larger than the 19 November 1923, M w 5.3 earthquake in the Aran Valley (Batlló et al., 1997; Susagna et al., 1994) , and clearly larger than the 13 August 1967, M w 5.1 Arette earthquake (Cara et al., 2008) and the M w 5.1, 1980 Arudy earthquake (Dziewonski et al., 1981 ).
Present-Day Deformation and Potential Energy
The obtained moment tensor gives new clues for postorogenic extension in the Pyrenees. Normal faulting for the 1923 Berdún earthquake agrees with faulting style and orientation from moment tensors for more recent Pyrenean earthquakes (Figure 1b) . Moreover, due to its size and solitary location, this event consolidates substantially the idea of present-day extension perpendicular to the chain. In particular, it shows that also the realm of the southern frontal thrust of the western Pyrenees is now subject to normal faulting under tensional stress. This resembles the situation on the other side of the chain, where normal faulting occurs in the vicinity of the northwestern mountain front. Present-day extension across the full width of the western Pyrenees is in agreement with the regional velocity fields from GPS data ( Figure 1a ). While no significant horizontal strain has been resolved in the eastern Pyrenees, GPS data from continuous network stations lead to estimates for extensional strain across the western Pyrenees in NNW-SSE direction, with rates from~2.5 nanostrain per year (Asensio et al., 2012) to~4 nanostrain per year (Nguyen et al., 2016) . The results are similar to estimates from campaign data (~2 nanostrain per year, Rigo et al., 2015) . Vertical GPS velocities are not resolved (~0.1 ± 0.2 mm/year, Nguyen et al., 2016) , although the small value might solely reflect the net effect due to subsidence from gravitation and uplift from erosional denudation.
General models for gravity-driven postorogenic extension predict tension perpendicular to the chain, and associated extensional faulting, in the axial zone of mountain ranges, while compression should occur in the foothills (Molnar & Lyon-Caen, 1988) . Rebound from erosion and deglaciation is related to topography in an analogous way and induces a similar pattern of extension and compression in the upper crust (Sue et al., 2007; Vernant et al., 2013) . Hence, the 1923 Berdún earthquake, as well as the other recent earthquakes associated to the same type of faults in the frontal areas of the northwestern Pyrenees, occurs in settings where thrust faulting would be expected a priori (Chevrot et al., 2014; Genti et al., 2016) . To investigate the influence of topography and crustal root on the seismicity pattern, we estimate local gravitational potential energy of the crust, per unit area, according to equation (2) in Molnar and Lyon-Caen (1988) . We report relative values, comparing the potential energy density to a reference crust with elevation of 0 m above sea level and Moho depth of 30 km. A smooth Moho topography for modeling has been interpolated from available receiver function measurements (Mancilla & Diaz, 2015) . Isostacy is not imposed, and we assume constant crustal density of 2,800 kg/m 3 and a signed crust-mantle density contrast of ±500 kg/m 3 throughout, with positive and negative contrasts associated to local Moho below or above the reference Moho depth. The obtained map of gravitational potential energy density is dominated by the signal from topography ( Figure 3 ) and does not suggest relevant tensional strain at the location of the 1923 Berdún earthquake.
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Discussion
From the results obtained in previous sections, it is now clear that the largest recorded Pyrenean earthquake is located near the southern thrust front of the belt and corresponds to pure normal faulting. It emphasizes the presence of widespread extension across the western Pyrenees. Normal faults are active also in central Iberia (Martín et al., 2015) , so, in principle, normal faulting beneath the Pyrenean mountain front could be driven by regional stresses and occur despite of, not because of, postorogenic extension of the chain. On the other hand, a dominant role of local stresses is suggested by the alignment between the strike of the chain, strike of normal faulting mechanisms, and stress tensor in the western Pyrenees (σ 2 at N110°E, Rigo et al., 2015) , introducing a~25°rotation of the Pyrenean stress field with respect to central Iberia (De Vicente et al., 2008) . Comparing the distribution of Pyrenean seismicity to gravitational potential energy density (Figure 3 ), we appreciate irregular correlation among them. In particular, we can identify a clear change in the pattern along strike of the Pyrenees: East of~0.5°E longitude, earthquakes are concentrated in the axial zone, coincident with maximum gravitational potential energy, while west of this point, seismicity spreads out over the entire width of the chain, and a major part of events concentrate in the frontal zones (in particular, on the northern side), coincident with the largest lateral gradients of potential energy (Figure 3d ). Beyond this dichotomous first-order pattern, seismicity becomes more distributed at the eastern and western terminations of the mountain belt (including the superposition of induced seismicity on the western side).
Along-strike variations in seismicity are also reflected in focal mechanisms and stress tensor estimates (Goula et al., 1999; Rigo et al., 2015) . Extensional processes in the western Mediterranean affect the easternmost Pyrenees, featuring active graben faults and recent anorogenic volcanism (e.g., Vergés et al., 2002) , thermal erosion of the lithospheric root, and Neogene uplift (Gunnell et al., 2008) . The sharp transition between the contrasting seismicity patterns near 0.5°E, however, makes a far-field origin like the removal of mantle lithosphere less conceivable, pointing to a control by local agents. We suggest variations in crustal strength as the decisive factor. Gravitational potential energy is a local concept that may correlate with deformation for low crustal strength, while stronger material may respond by flexure and may transfer stresses away from their local buoyancy or topography source. Different rheology in western and eastern Pyrenees has been proposed previously (e.g., Jammes et al., 2014; McClay et al., 2004) , since deep seismic surveys show the emplacement of thin and highly deformed thrust sheets in the eastern Pyrenees (Grool et al., 2018; Muñoz, 1992 ), compared to much thicker and less deformed thrust sheets in the western Pyrenees (Teixell, 1998) . These differences have been attributed to inherited crustal composition of the Paleozoic basement (García-Sansegundo et al., 2011; Jammes et al., 2014) , showing an overall weaker and more felsic crust in the eastern part, representing the Variscan hinterland, as compared to overall stronger and more mafic crust in the western part, originating from the Variscan foreland domain. Note that the foreland-hinterland boundary trends obliquely to the chain, and surface exposure of Variscan intrusive rocks becomes gradually less abundant from east to west (García-Sansegundo et al., 2011; Lacan & Ortuño, 2012) . Alternatively, the along-strike variation in strength may be influenced by the abundance and distribution of mechanically weak Triassic evaporites (McClay et al., 2004) .
Based on clear changes along strike in the internal structure of the Pyrenees, the bulk strength of the crust is expected to decrease from east to west and appears to reach a tipping point near 0.5°E, where a sharp contrast in the seismicity distribution is located. In this scenario, within the mechanically weak eastern Pyrenees, seismicity correlates with gravitational potential energy, including relevant earthquakes in the axial zone like the 1923, M w 5.3, Aran Valley event (Ortuño et al., 2008) . The local response of the crust prevents net extension across the chain but may be an ingredient to the relevant heterogeneity of first motion earthquake focal mechanisms (Goula et al., 1999; Rigo et al., 2015) . In fact, these authors provide evidence for the coexistence of compressional and extensional stress fields in immediate proximity and short wavelength anomalies in GPS velocities for the eastern part of the range. In the presumably stronger material of the western Pyrenees crust, the response to gravitational forces may occur on much wider areas (Genti et al., 2016) , and deformation is transferred to the external part of the chain. This results in an extensional signature in the regional GPS strain field (Nguyen et al., 2016) , as well as relevant normal faulting earthquakes near the external thrusts on both sides of the chain, as is demonstrated for the South Pyrenean Frontal Thrust by the 1923 Berdún earthquake.
